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MICROGRID ARRANGEMENT FOR
INTEGRATED IMAGING POLARIMETERS

RIGHTS OF THE GOVERNMENT

The mvention described herein may be manufactured and
used by or for the Government of the United States for all
governmental purposes without the payment of any royalty.

BACKGROUND OF THE INVENTION

The present invention relates generally to wiregrid polar-
izers, and more specifically to a new array pattern of
individual wiregrids for use in 1maging polarimeters.

Remote sensing applications can make use of the optical
polarization characteristics of a scene to enhance target
detection and discrimination. Imaging polarimeters utilize
polarizing arrays positioned in front of a focal plane array of
detector pixels to extract polarization information from the
optical scene.

An mtegrated microgrid imaging polarimeter includes a
repeating pattern ol wiregrid polarizers bonded to a focal
plane array. A wiregrid polarizer can be made as a layer of
very thin ruled aluminum wires sandwiched between two
glass windows. The most common microgrid arrangement 1s
a 2x2 repeating pattern of so-called analyzer cells. A typical
2x2 array 1s shown m FIG. 1. The lines i each cell
correspond to the wiregrid element orientation. This specific
pattern has been the standard since 1994,

Raw microgrid data are used to infer Stokes parameter
images. The power spectrum of a raw microgrid 1mage
consists of a high bandwidth unmodulated S, 1mage spec-
trum surrounded by the low bandwidth spectra of S, and S,
The S, and S, spectra are modulated out to the Nyquist
frequency 1n the direction of the principal axes of the array.
The connection between this Fourier analysis of modulated
polarimeters as linear systems and the more widely known
data reduction matrix was shown i 2012. The micrognd
spectrum 1s similar to Color Filter Arrays (CFAs) used to
extract color information for digital cameras, where a
mosaic of tiny color filters are placed over the pixel sensors
of an 1mage sensor to capture color information, in that the
high bandwidth spectrum centered at a DC-centered array
corresponds to the luminance 1image and the low bandwidth
modulated portions of the spectra correspond to chromi-
nance.

Despite the long-term use of the standard 2x2 array and
its pattern of different polarization directions, there 1s still a
need for greater resolution and 1mage quality.

SUMMARY OF THE INVENTION

To address this challenge, the teachings of the present
invention provide a new 2x4 arrangement, or array, of
individual wiregrid polarizers that minimizes the risk of
aliasing between the Stokes vector images, providing maxi-
mum 1mage bandwidth and, therefore, better resolution and
image quality than prior art 2x2 arrays.

This new pattern improves 1mage resolution and quality
by 1increasing the spatial bandwidth available for each
Stokes 1image despite that the new repeating pattern 1s larger
than the standard prior art 2x2 design.

The polarization orientations of the wiregrid polarizers in
cach 2x4 array may, beginning from an arbitrary top leit
wiregrid polarizer of each array and continuing clockwise,
be: 45 degrees; zero degrees; 315 degrees; 90 degrees; zero
degrees; 45 degrees; 90 degrees; and, 315 degrees.

BRIEF DESCRIPTION OF THE DRAWINGS

The teachings of the present mmvention will be better
understood from the accompanying drawings illustrating
various aspects and example embodiments of the invention
and 1ts teachings.
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2

FIG. 1 shows a conventional prior art 2x2 microgrid array
ol analyzer cells.

FIG. 2 shows a 2x4 microgrid array of analyzer cells
according to the teachings of the present invention, showing
an example embodiment of differing polarization orienta-
tions.

FIG. 3 1s a log-scale spectra of microgrid polarizer array
(MPA) sampled sensor data from a 2x4 microgrid array
made according to the teachings of the present invention.

FIG. 4 compares a pair of reconstructed S, 1images for
prior art 2x2 microgrid arrays and for 2x4 microgrid arrays
made according to the teachings of the present invention.

FIG. 5 compares a pair of reconstructed Degree of Linear
Polarization (DOLP) mmages for prior art 2x2 microgrnd
arrays and for 2x4 microgrid arrays made according to the
teachings of the present invention.

DETAILED DESCRIPTION

Additional details of the teachings of the present inven-
tion are 1 D. LeMaster and K. Hirakawa, “Improved
Microgrid Arrangement for Integrated Imaging Polarim-
cters,” Opt. Lett. 39, 1811-1814 (2014), the contents of
which are incorporated by reference into this description.

The resolution of traditional, microgrid imaging polari-
metric 1magers suifers from that, to form an image, the
imager, or camera, must combine information from multiple
pixels, each sensing a diflerent state of polarization, into a
single unpolarized 1image. Or, the camera forms an 1mage
from a single polarization orientation, 1gnoring information
from pixels sensing other polarization states. Either way, the
camera cannot form an image having the quality one would
expect from a camera possessing a similar number of
unpolarized pixels. The present invention, however, pro-
vides a new pattern of wiregrid polarizers and a correspond-
ing mathematical interpretation of the signals from the
polarized pixels that can yield better image quality than
conventional, state of the art, 2x2 polarizer arrays and their
associated mathematical interpretation. This major advance
over the state of the art thus addresses a key 1ssue, enhancing
the quality of 1mages from polarimetric 1imagers without
increasing the number of available pixels.

As described 1n the Background of the Invention, Color
Filter Arrays are designed to improve spatial resolution by
optimizing the separation between the luminance and
chrominance spectra. The present invention draws on this
approach to develop the new microgrid array pattern shown
in FIG. 2. This new pattern improves image quality by
increasing the spatial bandwidth available for each Stokes
image despite that the new repeating pattern 1s larger than
the original 1994 2x2 design. This new pattern retains the
noise performance optimality of the original pattern 1n terms
ol conditioning of the data reduction matrix.

The Stokes parameters=(S,, S, S,)’eR ° follow a stan-
dard convention to describe linear polarization states 1in
terms of radiometric quantities. The S, 1mage contains
grayscale spatial information about the scene. Images S, and
S, together express the extent and onentation of linear
polarization in the scene. The radiation recorded by each
detector in a microgrid array Xe R ™ is related to the Stokes
parameters S of the mcoming light by the equation:

L _[L Eq. (1)

=17 D cos(26) D sin(26)|S

Ag

where, without loss of generality, the neutral density
transmission losses 1n the analyzer are normalized out and
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De[0,1] 1s the diattenuation of the analyzer. Note that Stokes
parameter S, 1s not treated in this analysis because the
microgrid arrays of interest are not sensitive to it.

For imaging, the Stokes parameters refer to a function S:

Z>—R"> where S(n) is the Stokes parameter for the light
arriving at the pixel location n=(n,, n,) €Z~. For imaging
with a microgrid polarizer array (MPA), an array of wiregrid

polarizers 1s placed over an entire detector array, generally
comprising a mosaic ol corresponding detector pixels. As
such, the pixel detector at location 1y makes exactly one

measurement X(n) (X: Z°—R™*) along one microgrid

polarizer orientation 0(m) (0: Z>—R/2x), as follows:

X (1) = AganS(n) Eq. (2)
=S5,(n)+ D cos(208(m)S (r) + D sin(260(n))S>(n)
A finite number of polarizer orientations 6e{0,, . .., 0.}

are used 1 a microgrid polarizer array. The perspective
adopted by the prior work on MPAs 1s that X(n) 1s a spatial
multiplexing of A, S(n). For example, the 2x2 repeating
MPA pattern takes ‘fhe following form:

(Ao(n)S(n)  m
Aga(n)S(n) n
Agp(n)S(n)  m

| Azga(m)S(n) ny

Eg. (3)

and 1, even

even; 1o odd
X(rn) =
and n, odd

odd; n, even

D
= So(n) + (5)(—1)”1 (S1(n) +S2(n)) +
D 12
(5)(—) (S (1) = S2(m))

Let » denote discrete space Founer transform, where

So(®): {R/27}*— C refers to the Fourier transform of S, at
the two dimensional spatial frequency o=(m,, w,)"

e{R /2rn}?, etc. The Fourier analysis of Eq. (3) is:

R (w) = Eq. (4)
SN NG

This type of Fourier analysis 1s by now standard in the
related field of color filter array (CFA) imaging. By Eq. (4),
one can reinterpret Eq. (3) also as a spatial frequency
multiplexing where modulation by

o< {0

separates §1+§2 from éﬂ, respectively. The sampling S—X 1s
said to be aliased with
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4

One can use standard amplitude demodulation to reconstruct
Sos S, and S, from X provided they are not aliased.

The Fourier support of X 1s shown 1n the top of FIG. 3.
The modulation of Eq. (4) 1s evidenced by the concentration
ol energy near

)

This figure 1s useful for assessing the risk of aliasing by the
modulation frequency. For example, if the bandwidth of
S, (w) is A (1 e., S;(0)=0 V||w|[>L), then S, (w) must be zero
V||ow|[>m-A 1n order to avoid aliasing (a requirement for
recovering S from X). It 1s clear that there 1s a high risk of
aliasing for a 2x2 repeating MPA pattern.
Drawing {rom the optimal CFA design approach
described earlier, consider an alternative to the 2x2 repeat-

ing MPA pattern. Assume 0: Z*—R/2r is linear with
respect to m:

B(n) = —mgn Ba. )

where w,eR~. Letting Y: Z*—R™* denote sensor
response to this new MPA, cos(20(n)) and sin(20(m)) m Y
become sinusoidal modulators:

Y (1) = AgmyS(2) Eq. (6)

= So(n) + Dcos(w) m)Sy (n) + Dsin(w} n)Sa(n).
This gives rise to a straightforward Fourier analysis Y of

Y:

V() = § Dyvie Dyin | 2 Eq. (7
Y(EU) :SD(M)'F (5){51 —jSz}({u—{UD) 4 (E){Sl +jS2}(w+{UD) { ( )

where j=V=1). Contrasting Eqs (3) and (4) with Egs. (6)
and (7), respectively, the main diflerence 1s that the latter

undergoes a spatial frequency modulation by wye{ R/2m}°.
This 1s evident 1n the example Fourier support of Y shown
at the bottom 1n FIG. 3, where

{UG_
H

and the energy 1s concentrated near m,

)}

Clearly, the advantage of Y in Eq. (7) over Eq. (4) 1s that the
risk of aliasing has significantly reduced because the modu-

lated components of the spectrum are more spread out.
The main conclusion from this analysis 1s that the modu-

lation frequency wye{R/2x}* is a design parameter for
MPA patterns which should be chosen to minimize the risk
of aliasing. Obviously, choosing |lw|| to be as large as
possible would avoid aliasing between S U(m) and {S,-]

S, Hw-m,). But one must also consider the risks of ahasmg
contaminations between {S,—j S,Hw-w,) and {S,-j S,}
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S

(w+m,) which may occur if o, and —m, are close. Theretore,
relative bandwidths of S., S;, S, must be simultaneously
considered.

Performance 1n the presence of noise 1s unailected by the
new array pattern. For proof, first consider a band-limited
unaliased signal measured with the conventional 2x2 MPA.
Demodulation of X yields:

So(M)=Hy(n)*X(n) Eq. (3)
(DS ()+So,m)=H () * {e 7™ MX () } Eq. (9)
(D2){S | (M)-S,(n)J=H (n)*{e7MX(n) } Eq. (10)

where * denotes convolution, and H, (H,) are low pass
filters designed to match the support of S, (S, and S,). The
Fourier domain equivalent of this process 1s:

So(@)=Ho(w)X(w) Eq. (11)

(D/2){S(0)+5,(0) }=H 1 (0)X(0-(,")) Eq. (12))

(D/2){S1(0)=-55(0) }=H 1 (0)X(0-(;™))

which allows for the Stokes 1mage spectra to be recovered
via:

Eq. (13)

.y (1 0 0 \( S, ) Eq. (14)
30
) | | D . )
311 — 5 5 5(514_52)
A 1 -1 p
S . - A A
A0 g5,

Under the same conditions, the 2x4 MPA yields:

SoM)=HoM)*X() Eq. (15)
(D/2){S, )+ =H, (n)* {77 X(n)} Eq. (16)
(D/2){S, )=S0 =H () * {7 "X ()} Eq. (17)
and the Stokes spectra are recovered from:
.y (10 0 S, ) Eq. (14)
S0
o L LDk, <
Sl — D D E(Sl +JSZ)
: ~J J || D,
kSzﬁ kO D DHKE(SI_“&;SZ);

In both Egs. (14) and (18), the matrices that recover the
Stokes spectra from the demodulation products have the
same condition number, for example, for D=1 the condition
number of each 1s

1

YoR

Both MPA are equally conditioned and therefore expected to
provide equivalent performance in the presence of noise.
Synthetic imagery 1s used to demonstrate the wider una-
liased bandwidth and thus superior 1image quality of a 2x4
array. Raw microgrid data of each array type are generated
from Stokes imagery of a static scene originally collected
with a visible Rotating Analyzer (RA) imaging polarimeter.
Betfore microgrid resampling, the total bandwidth of each
RA Stokes images was limited using an 11x11 pixel Gauss-
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6

1an filter with a 0.5 pixel standard deviation. The log-scale
spectra of the synthetic MPA 1images 1n FIG. 3 show that the
2x4 array reduces the risk of aliasing by further separating
out the various polarimetric image components. The con-
version from Stokes to raw microgrid data 1s accomplished
by Eq. (6). The modeled microgrid analyzers have unity
diattenuation. For both the 2x2 and 2x4 cases, all Gaussian
reconstruction filters have a support of 41x41 pixels and a
standard deviation of 1 pixel.

More 1mportantly, this diflerence in array arrangement 1s
manifest 1 the reconstructed S, and Degree of Linear

Polarization (DOLP) images. DOLP, P(n) (P: Z*—R™) is
recoverable from the Stokes images by the relation:

JS3m) + S3ny Fa. (19)

P =5 m

Physically, DOLP 1s a measure of the extent of polariza-
tion inferred for each pixel 1n the scene. Aliasing in micro-
orid 1magery 1s readily observable as false DOLP signals.

The reconstructed S, and DOLP images for each array
configuration are shown i FIGS. 4 and 5, respectively. The
2x2 array results are clearly more aliased than their 2x4
counterparts, but the difference 1s especially noticeable
throughout the DOLP 1mages. Fidelity to the original Stokes
images can also be quantified using root mean squared error

(RMSE). Table I shows that RMSE 1s lower in the images
reconstructed from the 2x4 MPA 1n every case.

TABLE 1

Root Mean Square Error Comparison (units of digital counts)
Between True Image and Reconstructed Images

Image 2x4 2x 2
So 7.02 15.47
S 0.27 8.77
P 7.54 9.78

The polarimetric sampling arrangement of the present
invention represents the first major improvement 1n spatial
resolution for microgrid-integrated 1imaging polarimeters in
almost 20 years. This improved array widens the unaliased
bandwidth available for image reconstruction by increasing
the separation between the spatially modulated Stokes com-
ponents of the microgrid spectra. This outcome 1s achieved
without affecting performance 1n the presence ol noise.

The relationship between components of the micrognd
spectra 1s a consequence of the periodic sampling array and
independent of detector size. Consequently, this refined
microgrid pattern will be useful even as technology to
produce smaller detectors and microgrids continues to
improve. A 2x4 pattern made according to the teachings of
the present invention has multiple other equally valid polar-
1zation orientation patterns and their transposes which can
be similarly successiully used for other imaging applica-
tions.

Those having skill in the art of the mnvention will readily
recognize that terms used 1n this description and 1n the
claims have their ordinary meanings as understood in the
imaging art. For example, the term “focal plane™ refers to the
plane at which an optical image 1s focused for purposes of
detecting that image along that plane using detector cells or
pixels.
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Similarly, those having skill 1n the art of the invention will
recognize that, analogous to as described 1n connection with
Color Filter Arrays, each 2x4 array comprises eight indi-
vidual wiregrid polarizers, each individual wiregrid polar-
izer having a polarization orientation 1n a specific direction.
A microgrid 1maging polarimeter, or an 1maging microgrid
polarimeter, comprises a plurality of such 2x4 arrays of
individual wiregrid polarizers.

Those having skill 1n the art of the invention will similarly
recognize that the equations supporting the new 2x4 array
are based on the wiregrid polarizers being proximate to the
tocal plane and detector cells along the focal plane.

Various modifications to the invention as described may
be made, as might occur to one with skill in the art of the
invention, within the scope of the claims. Therefore, not all
contemplated example embodiments have been shown 1n
complete detail. Other embodiments may be developed
without departing from the spirit of the invention or from the
scope of the claims.

We claim:

1. A microgrid imaging polarimeter, comprising a plural-
ity of 2x4 identical arrays of eight wiregrid polarizers
proximate to a focal plane, where each of the eight wiregrid
polarizers comprises one of four different polarization ori-
entations, where each of the four different polarization
orientations 1s used by exactly two diflerent wiregrid polar-
izers 1n each of the arrays, and each of the arrays represents
a smallest periodic repeating, pattern of wiregrid polarizers
in the microgrid imaging polarimeter, thereby widening an
unaliased bandwidth available for image reconstruction by
increasing a separation between spatially modulated Stokes
components of the microgrid spectra, without aflfecting
performance in a presence of noise.

2. The microgrid 1maging polarimeter according to claim
1, wherein each wiregrid polarizer corresponds to a corre-
sponding detector pixel in the focal plane.

3. The microgrid imaging polarimeter of claim 1, wherein
the polarization orientations of the wiregrid polarizers in
cach 2x4 array, beginning from an arbitrary top leit wiregrnid
polarizer of each array and continuing clockwise, are: 45
degrees; zero degrees; 315 degrees; 90 degrees; zero
degrees; 45 degrees; 90 degrees; and, 315 degrees.

4. A microgrid imaging polarimeter, comprising:

(a) a plurality of identical 2x4 arrays of eight wiregrid
polarizers, where each of the eight wiregrid polarizers
comprises one of four different polarization orienta-
tions, where each of the eight wiregrid polarizers
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comprises one of four different polarization orienta-
tions, where each of the four different polarization
orientations 1s used by exactly two different wiregrid
polarizers in each of the arrays, and each of the arrays
represents a smallest periodic repeating pattern of wire-
orid polarizers in the microgrid 1maging polarimeter,
thereby widening an unahiased bandwidth available for
image reconstruction by 1ncreasing a separation
between spatially modulated Stokes components of the

microgrid spectra, without aifecting performance 1n a

presence ol noise;

(b) a plurality of detector pixels; and,

(¢) wheremn each wiregrid polarizer 1s proximate to a

corresponding detector pixel.

5. The microgrid imaging polarimeter according to claim
4, wherein the polarization orientations of the wiregnd
polarizers 1n each 2x4 array, beginning from an arbitrary top
left wiregrid polarizer of each array and continuing clock-
wise, are: 45 degrees; zero degrees; 315 degrees; 90 degrees;
zero degrees; 45 degrees; 90 degrees; and, 315 degrees.

6. A method for making a polarized 1mage, comprising the
steps of:

(a) providing an 1imaging polarimeter, including:

a plurality of i1dentical 2x4 arrays of eight wiregnd
polarizers proximate to a focal plane, where each of
the eight wiregrid polarizers comprises one of four
different polarization orientations, where each of the
four different polarization orientations 1s used by
exactly two diflerent wiregrid polarizers 1n each of
the arrays, and each of the arrays represents a small-
est periodic repeating pattern of wiregrid polarizers
in the microgrid 1imaging polarimeter, thereby wid-
ening are unaliased bandwidth available for image
reconstruction by increasing a separation between
spatially modulated Stokes components of the
microgrid spectra, without affecting performance 1n
a presence of noise;

(11) a plurality of detector pixels; and,

(111) wherein each wiregrid polarizer 1s proximate to a
corresponding detector pixel.

7. The method for making a polarized image according to
claim 6, wherein the polarization orientations of the wiregrid
polarizers 1n each 2x4 array, beginning from an arbitrary top
left wiregrid polarizer of each array and continuing clock-
wise, are: 45 degrees; zero degrees; 315 degrees; 90 degrees;
zero degrees; 45 degrees; 90 degrees; and, 315 degrees.
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